The objective of this study was to investigate the key genes and pathways associated with thyroid carcinoma. Based on the microarray data of GSE27155, we identified the differentially expressed genes (DEGs) between four types of thyroid carcinoma samples (papillary carcinoma (PTC), oncocytic carcinoma (OTC), follicular carcinoma (FTC) and anaplastic carcinoma (ATC)) and normal controls. With the obtained DEGs, we performed gene functional interaction (FI) network analysis. Then we conducted Venn diagram analysis to identify the intersection and specific DEGs of the four types of thyroid carcinomas. The intersections DEGs were performed by functional enrichment and transcription factor (TF) prediction analyses. These specific DEGs were performed by pathway enrichment analysis. There were respectively 323, 318, 118 and 1005 DEGs identified in PTC, OTC, FTC and ATC. Twelve sub-network modules were extracted based on gene FI network analysis and eight thyroid carcinoma-associated DEGs were involved in the network, such as TIMP1. Based on the Venn diagram analysis, 27 common DEGs were identified, such as HMGB3 which was regulated by TF of NKX3-1. There were 149 PTC-specific DEGs (like CLDN1), 160 OTC-specific DEGs, 94 FTC-specific DEGs (like PPARG), and 789 ATC-specific DEGs (like CDK1). They were enriched in some pathways, such as Cell cycle, Citrate cycle, and Oxidative phosphorylation. TIMP1, HMGB3, CLDN1, CDK1 and PPARG as well as pathways of Cell cycle, Citrate cycle, and Oxidative phosphorylation may play important roles in the progression of thyroid carcinoma.
most prevalent thyroid carcinoma, which accounts for 80% of the cases [3] . Usually, PTC can be effectively treated with thyroidectomy and presents good prognosis [4] . Anaplastic thyroid carcinoma (ATC) is undifferentiated tumor of the thyroid follicular epithelium and accounts for less than 5% of all thyroid carcinomas [5] . ATC has a poor prognosis because of its extremely aggressive behavior [6] . Additionally, there are Thyroid carcinoma is the most common cancer of the endocrine system, accounting for approximately 1.7% of total cancer diagnoses [1] . It is estimated that more than 62,000 new cases of thyroid carcinoma were diagnosed in 2014 globally, which resulted in 1,890 deaths [2] . Thyroid carcinoma is classified according to its histopathological characteristics. Papillary thyroid carcinoma (PTC) is the NNMT -nicotinamide N-methyltransferase; TIMP1 -TIMP metallopeptidase inhibitor 1; MYC -v-myc avian myelocytomatosis viral oncogene homolog; MYC -V-myc avian myelocytomatosis viral oncogene homolog; CHD3 -cadherin 3, type 1, P-cadherin (placental); DCN -decorin; DUSP1 -dual specificity phosphatase 1; FOS -FBJ murine osteosarcoma viral oncogene homolog; HMGB3 -mobility group-box 3; IL17B -interleukin 17B; NKX3-1 -NK3 homeobox 1; MEF2A -myocyte enhancer factor 2A; MMP -matrix metalloproteinase; PDHA1 -pyruvate dehydrogenase (lipoamide) alpha 1; ATP5B -ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide another types of thyroid carcinomas, such as follicular thyroid carcinoma (FTC), medullary thyroid carcinoma (MTC), and oncocytic thyroid carcinoma (OTC) [5] . Iodine-deficient diets and environmental exposure to ionizing radiation are suspected to play a significant role in the etiology of thyroid carcinoma, but the underlying molecular mechanisms is still incompletely understood [7] .
Recently, some genetic predisposing factors have been thought to be associated with the pathogenesis of thyroid carcinoma. For instance, mutation in RET proto-oncogene is associated with the development of thyroid carcinoma [8] . The dysregulations of prominin 1, and dickkopf WNT signaling pathway inhibitor 4 have been demonstrated in MTC [9] . Additionally, Garg et al. [6] suggested that laminin, gamma 2 played an important role in cell cycle, cell growth, migration and invasion of ATC cell line. Furthermore, overexpression of lysyl oxidase-like 2 is implicated with an increased number of apoptotic nuclei in MTC via involving in the cell adhesion pathway [9] . Activating mutations of several genes in the RET/RAS/BRAF/MAPK signal transduction pathway have been identified in PTC [10] . Although a number of genes and pathways have been suggested to influence the development of thyroid carcinoma, significant uncertainty remains regarding its molecular mechanisms.
Gene expression profiles are now providing great potential to clarify various aspects of carcinogenesis by revealing distinctive gene expression patterns related to various molecular and clinical parameters [11] . Therefore, in the present study, we downloaded the expression profile data of GSE27155 [12] from Gene Expression Omnibus (GEO, http://www.ncbi.nlm. nih.gov/geo/) database to identify the differentially expressed genes (DEGs) between four types of thyroid carcinoma samples and normal controls. With the obtained DEGs, we performed gene functional interaction (FI) network analysis to explore the FI network among DEGs. In order to study the common and specific DEGs of the 4 types of thyroid carcinoma, we conducted venn diagram analysis. Besides, we performed functional enrichment analysis and regulatory transcription factor (TF) prediction for these DEGs to investigate the key pathways and TFs. These DEGs and pathways would play roles in the the pathogenesis of thyroid carcinoma..
Materials and methods
Microarray data. The microarray data of GSE27155 contributed by Giordano et al. [12] were downloaded from GEO database in National Center of Biotechnology Information, and the platform was GPL96 [HG-U133A] Affymetrix Human Genome U133A Array (Affymetrix Inc., Santa Clara, California, USA). There were five types of thyroid carcinoma samples in the dataset including 51 PTCs, eight OTCs, 13 FTCs, four ATCs, and two MTCs. Additionally, there were four normal thyroid samples. Among these thyroid carcinoma samples, MTCs were not used for analysis because of their small sample size. Therefore, the other four types of thyroid carcinoma samples as well as normal thyroid samples were selected for further analysis.
Data preprocessing. The raw data in CEL format were downloaded and preprocessed using Robust Multi-array Averaging (RMA) method in affy (http://www.bioconductor. org/packages/release/bioc/html/affy.html) [13] package in Bioconductor (https://www.bioconductor.org/). The preprocessing processes included background correction, quantile normalization, and probe summarization. Combining with annotation packages of org.Hs.eg.db [14] , hgu133a.db [15] and annotate [16] on the platform of GPL96 [HG-U133A] Affymetrix Human Genome U133A Array, the probe IDs were corresponded to gene symbols, obtaining 12434 gene expression matrixes.
DEGs analysis. The DEGs between four types of thyroid carcinoma samples and normal thyroid samples were analyzed using limma (http://www.bioconductor.org/packages/release/ bioc/html/limma.html) [17] package in R Bioconductor. Student's t-test was used to obtain the significant p-value of the DEGs. Then the p-value was adjusted as false discovery rate (FDR) with Benjamini & Hochberg [18] method. Additionally, the fold change (FC) was calculated. FDR < 0.05 and |log 2 FC| ≥ 1 were considered as the cut-off values.
Additionally, we investigated the four types of thyroid carcinoma-associated genes in Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) [19] . CTD contains 24 million toxicogenomic connections between chemicals/ drugs, genes/proteins and human diseases, which are manually curated from the scientific literature.
Gene FI network analysis for DEGs. ReactomeFIViz (available at http://wiki.reactome.org/index.php/Reac-tome_FI_Cytoscape_Plugin) [20] is a Cytoscape (http://apps. cytoscape.org/apps/reactomefiplugin) [21] app for pathway and network-based data analysis based on the highly reliable Reactome FI network. In this study, ReactomeFIViz was used to analyze the gene FI network of the DEGs obtained from four types of thyroid carcinomas. In detail, the expression matrixes of all DEGs were input into the app. The correlations among DEGs involved in the same FIs were calculated, which were used as weights for edges in the whole FI network. Then Monte Carlo Localization graph clustering algorithm was applied to the weighted FI network to generate sub-network modules. Subsequently, the DEGs involved in the modules were performed pathway enrichment analysis (FDR < 0.05). Finally, the cancer-related genes in the gene FI network were analyzed based on cancer gene index (CGI, https://wiki.nci. nih.gov/display/cageneindex) data of ReactomeFIViz. The CGI data contain annotations for cancer-related genes, and these annotations were extracted by using text-mining technologies and then validated by human curators (https://wiki.nci.nih. gov/display/cageneindex/Creation+of+the+Cancer+Gene+ Index) [20] .
Venn diagram analysis for DEGs. Based on the up-and down-regulated DEGs obtained in four types of thyroid car-cinomas, we performed venn diagram analysis to identify the common (intersection) and specific DEGs of the 4 types of thyroid carcinomas using the online tool of Venny2.0 (http:// bioinfogp.cnb.csic.es/tools/venny/index.html).
Functional enrichment analysis and TF prediction for intersection DEGs. Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) [22] is an online tool aimed to provide functional explanations for a large number of genes derived from genomic studies and proteins. In this study, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses for the up-and down-regulated intersection DEGs in the venn diagram using DAVID. With the enrichment thresholds of p-value < 0.05 and gene count ≥ 2, the significant GO terms and KEGG pathways were obtained.
iRegulon (http://iregulon.aertslab.org/) [23] is a Cytoscape plugin integrating several TF databases, such as Transfac [24] , Jaspar [25] , Encode [26] , Swissregulon [27] and Homer [28] , which is used to detect enriched TF motifs and their optimal sets of direct targets by implementing a genome-wide rankingand-recovery approach. At present, we predicted the TFs of intersection DEGs using the iRegulon Cytoscape plugin, and the TF-target gene interaction pairs with Normalized Enrichment Score (NES) > 4.0 were selected.
Pathway enrichment analysis for cancer-specific DEGs. The DEGs specific to each type of thyroid carcinoma in the Venn diagram were performed KEGG pathway enrichment analysis using DAVID with thresholds of p-value < 0.05 and gene count ≥
Results

Identification of DEGs.
Comparing with normal controls, a total of 323 DEGs (220 up-and 103 down-regulated) were identified in PTC; 318 (201 up-and 117 down-regulated) in OTC; 118 (119 up-and 69 down-regulated) in FTC; 1005 (674 up-and 331 down-regulated) in ATC. Hierarchical clustering analysis of these DEGs and samples showed that these DEGs could differentiate cancer samples and normal controls (Figure 1 ).
Furthermore, there were respectively 41 PTC-associated, one OTC-associated, 5571 FTC-associated, and 750 ATCassociated genes in CTD. Additionally, compared with the present study, no common gene was found in PTC and OTC, while 85 (45.21%) common genes were found in FTC and 128 (12.74%) common genes were found in ATC.
Gene FI network analysis. A total of 12 sub-network modules were obtained by ReactomeFIViz, which was shown in Figure 2 . The network consisted of 193 genes and 59 FI pairs. The significant pathways enriched by DEGs in 12 modules were shown in Table 1 . Additionally, 22 endocrine cancerrelated DEGs were selected from CGI data, because thyroid carcinoma was a kind of endocrine-related cancer. Among these endocrine cancer-related DEGs, eight were associated Venn diagram analysis. The Venn diagram of DEGs was shown in Figure 3 . The results showed that there were five common (intersection) up-regulated DEGs and 22 common down-regulated DEGs for the four types of thyroid carcinomas, such as high mobility group-box 3 (HMGB3), and interleukin 17B (IL17B). In addition, there were 139 upand ten down-regulated PTC-specific DEGs (like claudin-1
Figure 2. Sub-network modules obtained by gene functional interaction network analysis. Each color represents one module. Diamond represents gene node that is associated with endocrine carcinoma.
Figure 3. The Venn diagram for up-regulated differentially expressed genes (DEGs) (A) and down-regulated DEGs (B). Purple represents papillary thyroid carcinoma; Yellow represents oncocytic thyroid carcinoma; Green represents follicular thyroid carcinoma; Pink represents anaplastic thyroid carcinoma.
(CLDN1)), 132 up-and 28 down-regulated OTC-specific DEGs, 79 up-and 15 down-regulated FTC-specific DEGs (such as proliferator-activated receptor gamma (PPARG)), and 566 up-and 223 down-regulated ATC-specific DEGs (such as cyclin-dependent kinase 1 (CDK1)).
Functional enrichment analysis and TF prediction for intersection DEGs. The intersection DEGs for the four types of thyroid carcinomas were mainly enriched in ten GO terms, including three cellular component (CC) related terms (such as extracellular space) and seven biological process (BP) related terms (such as negative regulation of cell differentiation) ( Figure 4 ). However, no pathway was enriched by these DEGs. Furthermore, nine TFs, such as NK3 homeobox 1 (NKX3-1), and myocyte enhancer factor 2A (MEF2A), were predicted for the 27 intersection DEGs, and the transcriptional regulatory network was shown in Figure 5 .
Functional enrichment analysis for cancer specific DEGs. The pathways enriched by the DEGs specific to each type of thyroid carcinoma were shown in Table 2 . However, among the down-regulated specific DEGs, only ATC-specific down-regulated DEGs were enriched in pathways. PTCspecific up-regulated DEGs were significantly enriched in pathways of hsa04514:Cell adhesion molecules (CAMs), and hsa04610:Complement and coagulation cascades. OTC-specific up-regulated DEGs were mainly enriched in hsa00020:Citrate cycle (TCA cycle), and hsa00190:Oxidative phosphorylation. Two pathways were enriched by the upregulated DEGs specific to FTC, including hsa03320:PPAR signaling pathway, and hsa04910:Insulin signaling pathway. The up-regulated specific DEGs of ATC were mainly enriched in hsa04110:Cell cycle, and hsa04512:ECM-receptor interaction, while the down-regulated DEGs were mainly enriched in metabolism-associated pathways.
Discussion
The thyroid is an inconspicuous organ, however the morbidity of thyroid is much higher than the other endocrine organs [29] . Importantly, the underlying molecular mechanisms of thyroid carcinoma are still largely unknown. In the present study, hundreds of DEGs were identified between each type of thyroid carcinoma samples and normal controls, respectively. Twelve sub-network modules were extracted based on gene FI network analysis for these DEGs and eight thyroid carcinoma-associated DEGs were involved in the network. Based on the venn diagram analysis, the common DEGs and specific DEGs of the four types of thyroid carcinoma were identified, besides, they were enriched in many GO terms and pathways.
During cancer progression, cancer cells can modify their surrounding host microenvironment largely through activities of the MMPs which play important roles in tumor invasion and metastasis [30] . Importantly, the bioactivities of MMPs are regulated by the tissue inhibitors of metalloproteinases (TIMPs) [31] . Interestingly, our results showed that TIMP1 was a DEG associated with thyroid carcinoma in the gene FI network. TIMP1 belongs to the TIMP gene family, the proteins encoded by which are natural inhibitors of the matrix metalloproteinases (MMPs), and are able to promote cell proliferation in a wide range of cell types [32] . Increased expression of TIMP1 has been found to be associated with worse prognosis of various tumors, such as laryngeal carcinoma and melanoma [33] . Importantly, TIMP1 up-regulation in PTC was reported recently [34] . Earlier studies indicated that TIMP1 displayed anti-cancer activities [35, 36] , however, recent studies demonstrated a paradoxical protumor effect of TIMP1 [31, 37] . In the present study, TIMP1 was up-regulated in PTC and ATC, while down-regulated in FTC, which was in accordance with the findings above. Taken together, we speculated that TIMP1 might be used as a biomarker for PTC, ATC and FTC.
The venn diagram analysis found 27 common DEGs for the four types of thyroid carcinomas, such as HMGB3. HMGB3, encoding a member of high mobility group (HMG) box subfamily, plays an important role in maintaining stem cell populations, and may be aberrantly expressed in tumor cells. Two members of HMG-Box subfamily, HMGB1 and HMGB2, have been suggested to play important roles in cell proliferation, invasion and metastasis of cancer progression [38] .
Recent study of Nemeth et al. [39] showed that HMGB3 played a key role in regulating the balance between proliferation and differentiation in the primitive stages of hematopoiesis.
Overexpression of HMGB3 has been found in metastatic breast cancers [40] . In this study, HMGB3 was significantly enriched in GO terms associated with negative regulation of cell differentiation. Additionally, it was regulated by several TFs, such as NKX3-1. This TF functions as a negative regulator of epithelial cell growth in prostate tissue, aberrant expression of which is associated with prostate tumor progression [41] .
There is hardly any study about the role of NKX3-1 in thyroid carcinoma, thus, we inferred that NKX3-1 might play a role in thyroid carcinoma by regulating HMGB3. Additionally, HMGB3 might play an important role in the progression of the four types of thyroid carcinomas through regulation of cell differentiation. In addition to common DEGs, there were a lot a DEGs specific to each type of thyroid carcinoma, besides, they were enriched in several pathways. Among the four types of thyroid carcinoma, PTC is the most prevalent, and ATC is the most malignant [3] . CLDN1 was a PTC-specific DEG, which was enriched in the pathway of hsa04530:Tight junction. Bhat et al. [42] have reported that CLDN1 is a key constituent of tight junctions which are implicated with many human diseases, including cancer. Additionally, CLDN1 was up-regulated in PTC, which was in keep with previous studies: CLDN1 was significantly overexpressed in many cancer and associated with tumor growth and progression [43, 44] . Therefore, the up-regulation of CLDN1 might play a key role in PTC progression. CDK1, in this study, was a ATC-specific DEG, and it was enriched in hsa04110:Cell cycle. A is well known, deregulation of cell cycle is a common feature of cancer. In mammalian, cell cycle is controlled by a subfamily of cyclin-dependent kinases (CDKs), dysregulation of which induce unscheduled proliferation [45] . CDK1 is a member of the CDK family, besides, it is the only essential cell cycle CDK in human cells [46] . As a result, CDK1 might involve in the development of ATC through the pathway of cell cycle.
Mitochondria are essential organelles and have been suggested to play vital roles in controlling cancer cells fate and proliferation. Importantly, mitochondria regulate tumor growth through modulating the citrate cycle (TCA cycle) and oxidative phosphorylation [47] . In the present study, several OTC-specific DEGs were significantly enriched in the pathways of hsa00020:Citrate cycle (TCA cycle) and hsa00190:Oxidative phosphorylation, such as pyruvate dehydrogenase (lipoamide) alpha 1 (PDHA1) and ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide (ATP5B). The 2 DEGs have been found to be associated with cancers [48, 49] . Furthermore, FTC-specific DEGs were only significantly involved in 2 pathways. hsa03320:PPAR signaling pathway, for instance, was enriched by PPARG. PPARG encodes a member of the PPAR subfamily of nuclear receptors that involve in many important physiological processes, including lipid metabolism, cell differentiation, and apoptosis [50, 51] . Studies have revealed that PPARG is generally upregulated in liposarcoma, colon, and breast cancer [52, 53] . Presently, its role in FTC has not been reported, but we think that it may be used as a biomarker of PTC.
In summary, our study used bioinformatic methods to identify the genes and pathways associated with thyroid carcinoma. These DEGs, such as TIMP1, HMGB3, CLDN1, CDK1, and PPARG as well as the TF of NKX3-1 may have the potential to be used as targets for the diagnosis and treatment of thyroid carcinoma. Additionally, these pathways, including Tight junction, Cell cycle, Citrate cycle (TCA cycle), and Oxidative phosphorylation may also play important roles in the progression of thyroid carcinoma. Moreover, findings of the present study may contribute to the further understanding of the underlying molecular mechanisms of thyroid carcinoma. However, further experimental studies are still needed to confirm the results of this study.
